Abstract: We present a study of chalcogenide glass fiber lasers doped with Dy 3+ , Pr 3+ or Tb 3+ that would operate in the mid-infrared wavelength range. A set of chalcogenide glass samples doped with different concentrations of rare earth ions is fabricated. The modeling parameters are directly extracted from FTIR absorption measurements of the fabricated bulk glass samples using Judd-Ofelt, Füchtbauer-Ladenburg theory and McCumber theory. The modeling results show that, for all the dopants considered, an efficient mid-infrared laser action is possible if optical losses are kept at the level of 1dB/m or below. 
Introduction
Mid-infrared light sources are among the most intensively developed photonic devices in recent years. This is because they are needed for many important applications, which include biomedical sensing, environmental monitoring and manufacturing process and quality control e.g. product purity in the pharmaceutical industry [1, 2] . An ideal mid-infrared light source should be characterized by: small dimensions, simple and robust construction, low price, high efficiency, high output power, broad tuning range and good quality of the output beam. Fiber lasers have demonstrated the ability to meet all these requirements. However, commercially available fiber lasers, including those based on ZBLAN glass, can cover only the wavelength range between 300 nm and 3 µm. A recent review of the progress on ZBLAN glass based MIR fiber laser technology is given in [3] . Achieving longer wavelengths requires primarily the development of suitable lower phonon energy host glass materials so that the lanthanide radiative transitions that correspond to mid-infrared wavelengths are not quenched by the multiphonon transitions [4, 5] . One of the candidates to become a host material for the midinfrared fiber lasers is the chalcogenide glass. Suitable chalcogenide glasses are chemically and mechanically durable, can be drawn into a low loss fiber and doped with lanthanides [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The feasibility of the mid-infrared fiber laser realization using a chalcogenide glass fiber doped with dysprosium was first demonstrated in [15] and further explored in [16] . The use of dysprosium limits the operating wavelength to about 4.5 μm. In order to access longer wavelengths the use of other lanthanide elements is needed. Therefore, in this paper we study the feasibility of an efficient fiber laser realization in a chalcogenide glass host using Tb 3+ and Pr 3+ dopants, and compare the results with those obtained using dysprosium.
Fabrication and optical characterisation of rare earth doped chalcogenide glasses
GeAsGaSe glasses doped with 500, 1000 and 1500 ppmw (by weight) of Dy 3+ , Tb 3+ and Pr
3+
were prepared by the melt-quenching method. High purity elements: Ge, Ga, Se (all 5 N, Cerac); As (7 N, Furukawa Electric Ltd.) and Dy 3 , Tb 3+ , Pr 3+ were batched inside a glove-box (≤ 0.1 ppm O 2 , ≤ 0.1 ppm H 2 O; MBraun), into a silica glass ampoule (< 1.0 ppm OH, ID/OD = 10 mm/14 mm) which had been air-and vacuum-baked. We have shown in previous work [14] that the most stable rare earth doped chalcogenide glass compositions are those for which the rare earth has been added in elemental form; here we have added the rare earth (99.9%, Alfa Aesar) as a metal foil in each case (99.9%, Alfa Aesar), added in ppmw to the molar% GeAsGaSe glasses.
The As and Se were further purified by heating under vacuum prior to batching. Batched sample weights were 8-9 g. The ampoule was sealed under vacuum (~10 − 3 Pa), placed in a rocking furnace, heated at 40 °C/h and experienced a 12 h dwell at 850 °C, to achieve homogenization, followed by a 3 h vertical hold for refining as the temperature was decreased at 65 °C/h from 850 °C to 650 °C. The ampoule was quenched through the glass transition temperature first in air (for around 30 seconds) then in a furnace at a temperature close to the glass transition temperature (for around 30 seconds) and then by nitrogen gas (BOC) jet flow. Figure 1a presents In order to prepare samples for Fourier Transform Infrared Spectroscopy (FTIR) measurements, 3 mm discs were cut from the as-annealed glass rod, ground using 1000 silicon powder and finally polished using in turn to a 6 µm, 3 µm and 1 µm finish. The polished disc samples were placed in the spectrometer Bruker IFS 66/S sample chamber and purged for around 20 minutes prior to spectral collection. The FTIR spectrometer was purged with dry air (Parker Filtration, FT-IT purge gas generator, 75-52-12VDC) to remove both CO 2 and H 2 O from the atmosphere. FTIR spectra were collected for the wavelengths range from 0.6 μm to 10 μm. Figure 1b shows a prepared sample ready for the FTIR measurement. This sample had been doped with 1000 ppm of Tb 3+ into the Ge 16.5 As 16 Ga 3 Se 64.5 host glass. 
Results
In order to extract the Judd-Ofelt parameters, the peak spectral area for the relevant transitions was calculated [17] [18] [19] . The absorption area is connected with dipole line strength, S jj' ed by the equation:
where k(λ) is the absorption coefficient at wavelength λ, e is the unit electron charge, h is the Planck's constant, n is the refractive index, λ pk is the mean wavelength associated with the transitions, J is the angular quantum number of the initial states, J ′ is the angular quantum number of the final state and c is the speed of light in free space. The units of h, e, c should be in cgs (Centimeter-Gram and Second) units.
In order to determine the Judd-Ofelt parameters Ω 2, Ω 4 , Ω 6 the electric dipole line strengths were fit by a least squares fit to the values of the reduced matrix elements:
S jj' md the magnetic dipole line strength, was calculated from intermediate coupled
From the Judd-Ofelt parameters, line strengths were calculated for all transitions and electric dipole and magnetic dipole intermanifold spontaneous emission rates, and were determined by:
and:
The total radiative rate of a manifold is the sum of the intermanifold spontaneous emission rates, or:
From this, we can define the fluorescence branching ratio as:
The number of spectral absorption bands that has been used in the Judd-Ofelt computations for Dy 3+ were used 5 peaks at 0.9, 1.1, 1.3, 1.7, 3.0 µm, for Pr 3+ were used 5 peaks at 1.5, 1.6, 2.0, 2.3, 4.5 µm and for Tb 3+ were used 6 peaks at 1.85, 1.9, 2.0, 2.3, 2.9, 4.5 µm. To minimize the error, the measured FTIR spectra were corrected by extracting the baseline function. For each sample three baseline functions were extracted by choosing at least 40 points in the absorption spectrum and fitting the spectra using a polynomial function. This procedure yielded nine sets of Judd-Ofelt parameters. The reduced matrix elements used in these calculations were taken from [20] . The magnetic dipole line strength was calculated from the intermediate coupled wave functions [17] . The values of refractive index were calculated from a Cauchy polynomial, where the polynomial coefficients were obtained by fitting the experimental data [21] . In order to reduce the error resulting from the baseline function extraction an average over all nine sets of Judd-Ofelt parameters was calculated for each dopant. Table 1 shows the calculated Judd-Ofelt parameters for the fabricated chalcogenide glass samples. The calculated Judd-Ofelt parameters are in good agreement with the parameters presented in the literature for doped chalcogenide glasses (albeit with slightly different glass composition) [5] . From the calculated Judd-Ofelt parameters, the radiative lifetimes and branching ratios were obtained. Table 2 shows the spectroscopic parameters for the relevant transitions.
The absorption cross sections were directly obtained from the FTIR absorption measurements. The emission cross sections were derived from the absorption cross section spectra using the McCumber theory [22, 23] . The shape of missing absorption and emission cross sections (for 4 µm Pr 3+ and 7.5 µm Tb 3+ ) were taken from [5] and scaled using lifetime and branching ratio values taken from Table 2 . The calculated absorption and emission cross section are shown in Fig. 2 . Figure 3 shows the energy level diagrams for the 3 lanthanide ion dopants studied. Achieving a mid-infrared laser action in chalcogenide glasses doped using such energy level configurations is not straightforward since both the upper and lower laser levels tend to have long photon decay lifetimes. In order to overcome this difficulty, we apply an appropriate cascade laser configuration. The idea of the cascade configuration consists in adding a laser signal (idler) that depopulates the lower laser level. The cascade lasing configuration also benefits from the fact that the lower level is depopulated radiatively, which reduces the amount of heat generated. The cascade chalcogenide glass laser configuration is discussed in detail in [15, 16, 24, 25] . The numerical model used here was based on solving self-consistently the level population rate equations and optical propagation equations [16] . The fiber structure assumed is a doubleclad one with a single mode (for the signal and idler wavelengths), core with a radius of 5.5 µm and a multimode clad with a radius of 30 µm for the pump wavelength. The feasibility of fabrication of single mode chalcogenide glass fibers was demonstrated in [9] [10] [11] [12] [13] [14] . The pump confinement factor was calculated under the assumption that the pump power is uniformly distributed in the fiber cladding. The confinement factors for the signal and the idler were calculated using the mode field distribution obtained at the nominal wavelengths (Table 2) . A fiber laser resonator structure consists of two pairs of fiber Bragg gratings (FBG). One pair of gratings traps the signal, while the other one confines the idler. The reflectivity of the input FBG for the pump wavelength is 0.05 while for the signal and the idler it is 0.95. The output reflectivity is 0.05 for the signal and 0.9 for the idler. The level of losses assumed for all the wavelengths (at the pump and emissions' wavelengths) is 1 dB/m. (We note that in a number of papers much lower loss levels have been demonstrated experimentally for some chalcogenide glass fibers of simple composition [9] .) The remaining modeling parameters are presented in Table 2 and Fig. 2 . We consider first the chalcogenide glass doped with Dy 3+ . The relevant energy level diagram is presented in Fig. 3a . The doping level is equal to 1500 ppmw. (For this doping level fabricated chalcogenide glass bulk samples show no signs of crystallization after meltcooling and annealing [13] .) The laser action at 4.6 µm in Dy 3+ doped glass can be obtained between the H 11/2 and H 13/2 levels by pumping directly the level H 11/2 by a 1.71 µm pump. The idler wavelength (levels H 13/2 and H 15/2 ) is set to 3.2 µm. Figure 4a shows the dependence of idler and signal power on the fiber length and pump power. The slope efficiency for 4.6 µm wavelength reaches about 9%, which agrees with the results presented in [15, 16] .
Modeling of mid-infrared chalcogenide fiber lasers
The second dopant considered is praseodymium, Pr 3+ . Pr 3+ has strong absorption bands at 1.55 µm and 2 µm. Here the band at 2 µm is used for the pumping. The main problem with pumping with a light source at 2 µm in Pr 3+ doped chalcogenide glass is that the level F 2 -H 6 has a long lifetime, of about 2.7 ms. In order to de-excite the level F 2 -H 6 faster we propose using a cascade laser structure. We therefore fix the FBG wavelengths for the signal and the idler at 4.89 µm and 3.7 µm, respectively. Figure 4b shows the dependence of the idler and signal power on the fiber length and the pump power. The slope efficiency for 4.89 µm wavelength reaches about 16%. The main reason why this efficiency is much higher than for Dy 3+ is the fact that the absorption cross section at 2.04 µm is four times larger than that for Dy 3+ (at 1.71 µm). This allows the pump power to be absorbed much quicker and be less affected by the fiber losses.
The last fiber laser considered is based on chalcogenide glass doped with terbium, Tb 3+ . The main advantage of terbium is the possibility of obtaining laser action at 7.5 µm. This is the longest wavelength emission ever studied in lanthanide-doped chalcogenide glasses. The simplified energy level diagram of Tb 3+ is presented in Fig. 3c . In this case the laser action at 7.5 µm occurs between the levels 7 [24] . The fiber structure and resonator parameters are the same as in the previous cases. Figure 4c shows the dependence of idler and signal power on the fiber length and the pump power. The results confirm that the efficient laser action at 7.5 µm is possible with the slope efficiency reaching about 9%. These results indicate that Tb 3+ doped chalcogenide glass is a good candidate for the construction of a first fiber laser operating at 7.5 µm wavelength. Figure 5 shows the dependence of the output power on the length for selected values of the fiber loss. In all cases the doping concentration is 1500 ppmw and the pump power equals 5 W. This study shows that significant output power can be achieved even with losses as high as 3 dB/m. 
Summary
In this paper the possibility of realizing a mid-infrared laser based on rare earth doped chalcogenide glass fibers was investigated. A set of chalcogenide glass samples doped with Dy 3+ , Pr 3+ and Tb 3+ was fabricated. Based on the experimental results and numerical modeling, the feasibility of lasing in chalcogenide glasses doped with Dy 3+ , Pr 3+ and Tb 3+ was studied. The results of numerical modeling show that in all considered cases an efficient laser action at 4.6 µm, 4.89 µm and 7.5 µm respectively with pumping at 1.71 µm, 2.04 µm and 2.95 µm (efficiency about 8%-16%) in the cascade configuration can be achieved if the fiber losses are brought down to 1 dB/m level.
